Purpose. This paper presents the result of the research carried out on the effect of increasing temperature and stresses with depth of mining on the stability of stope within the Bushveld Igneous Complex (BIC), where the South African Platinum mines are located.
INTRODUCTION
The platinum mines are in the Bushveld Igneous Complex (BIC), which is located in the northern part of South Africa. The BIC is the world's largest layered intrusion. It is about seven to nine kilometers thick and is divided into eastern, western and northern limbs. Its upper critical zone hosts the world's largest deposit of platinum group elements (PGE), (Schouwstra, Kinloch, & Lee, 2000) .
There are some numerical modelling analyses on the influence of temperature on the behaviour of rocks carried out by previous researchers. Kim & Yang (2001) studied the behaviour of rock surrounding an underground storage cavern using thermal properties of the rock. The distribution of heat and the thermal stress in the cavern were modelled using a numerical code FLAC (Fast Lagrangian Analysis of Continua). They reported that only the dead weight of the overburden contribute towards the major stress before the storage of low-temperature material (refrigerated foods). However, after the storage, the maximum principal stress at the sidewall of the cavern increased more than 60% because of the thermal stress.
The major areas where research have focused on, in relation to depth in the platinum mines, are the influence of an increase in the rock stresses, development of new mining methods with improved mechanization, pillar design, ventilation, and impact of temperature on the mine workers, in case of inadequate ventilation. For example, Biffi, Stanton, Rose, & Pienaar (2007) outlined some of the ventilation challenges associated with deeper platinum mining and gave an overview of the strategies that could be employed in tackling them. The effect of the temperate variation on the stability of the stope at a depth within the Bushveld rock mass complex has not been adequately investigated and reported in the literature hence the need for this study.
GEOLOGY OF THE BUSHVELD COMPLEX
Based on lithostratigraphic classification (Ryder & Jager, 2002) , BIC is divided into Lebowa Granite Suite, Rashoop Granophyre Suite and Rustenburg Layered Suite (RLS). The RLS is described as the main body of the Bushveld Complex. It comprises 7000 m (West) to 9000 m (East) of basic igneous rock types, which intrude into the formation of Transvaal sequence. Its thickness is 9 km. Aside from the fine-grained basal norite, there is an upward change from ultra-basic rocks towards the base to basic rocks higher in the RLS succession. The RLS is further divided into upper, main, critical and lower zones. The critical zone is where the most important mining activities take place because of its richness in Platinum Group Elements (Fig. 1) . The primary host rock types in the South African Platinum mines are Norite (N), Leuconorite (LN), Mottled anorthosite (MA), Pyroxenite (PX) and Chromitite (CR).
NUMERICAL MODELLING
This paper examines the influence of temperature on the behaviour of the Bushveld rock mass around the underground excavation using numerical modelling. The numerical code used for the analyses is FLAC 2D (Itasca Consulting Group, 2012) . The FLAC thermal conduction model was coupled with the mechanical model for the thermo-mechanical analyses.
The conduction model allows simulation of transient heat conduction in materials and the development of thermally induced displacement and stresses. In the following sections, the virgin rock temperature (VRT) of the in situ stresses, the rock mass properties, and model geometry used for the numerical modelling are briefly discussed.
Virgin rock temperature (VRT)
The virgin rock temperature data for the BIC, as shown in Figure 2 was sourced from the Corporate Office of Anglo American Platinum Limited, Mine Ventilation and Refrigeration Engineering Unit. Figure 2 shows that Der Brochen mine has the lowest temperature gradient, while Bafokeng-Rasimoni Platinum Mine (BRPM) has the highest.
For the numerical modelling, the VRT of BRPM was used since it has the highest thermal gradient so that the influence of temperature would also be the highest. Simpson (2011) advised that it is essential that engineering designers carefully consider the worst situation and parameter values that could be imagined based on a reasonable and well-informed engineering assessment. Using the information in Figure 2 , the VRT equation for BRPM is given as: 0.0227 25.64
and 25.64 0.0227
where: y -the VRT; x -the depth below the surface, in meters. Table 1 shows the equivalent depths for the temperatures (50, 70, 90, 110 and 140°C) on which the laboratory testing was based. The temperature-depth relationship (1) was used in the numerical modelling. 
In-situ rock stresses
The in-situ stress measurement data was obtained through correspondence with the Principal Rock Engineer at Anglo American Platinum Limited. The method used for the stress measurement is overcoring technique. The primary data reported from the overcoring stress measurements are:
-the Magnitude and orientation (bearing and dip) of three principal stresses; -the vertical, maximum and minimum horizontal stresses.
The average densities (kg/m 3 ) of some of the rocks from the Bushveld Igneous Complex is given in Table 2 . The average of all rock densities is 3061 kg/m 3 . The average value was used in the calculation of the vertical stress for the numerical modelling.
The summary of the principal stress magnitudes is provided in Table 3 where σ v is the vertical stress, while σ h1 and σ h2 are the major and minor horizontal principal stresses, respectively. The maximum and minimum horizontal-to-vertical stress ratio are k 1 and k 2 , respectively. 
The model was derived from plots of 180 consistent in-situ stress measurements through a combination of the gradient and intercept of the graph (Fig. 3) .
Handley (2013) used a density of 2700 kg/m 3 in (3), (4) and (5), which was derived from the Southern African stress measurement database. The average rock density in the platinum mines, however, is approximately 3061 kg/m 3 . Therefore, (3), (4) and (5) were modified by replacing the gradient of the vertical stress, 0.027 with 0.03061.
The ratio 0.03061/0.027, that is, 1.134 was used to adjust the intercept and gradient for the major and minor horizontal stress in the equations. The modified equations, for the calculation of the stresses (Table 4) for the numerical modelling are given in (6), (7) and (8) 
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Determination of rock mass properties for numerical modelling
The rock mass properties were determined with the use of a rocscience software, RockLab. RocLab implements generalized Hoek-Brown failure criterion (Hoek, Carranza-Torres, & Corkum, 2002 ) to obtain reliable estimates of the rock mass properties. The values of intact uniaxial compressive strength (σ ci ), geological strength index (GSI), Hoek-Brown material constant (m i ), disturbance factor (D) and intact Young's modulus (E i ) were used as inputs in the RocLab to generate the rock mass properties needed for the numerical modelling. The rock mass properties are the deformation modulus (E rm ), tensile strength (σ t ), cohesion (c), and friction angle (ϕ).
GSI is one of the important input parameters for the Hoek-Brown failure criterion and its value can be determined on the field based on the geological description of the rock mass. The GSI values can also be estimated from RMR (Bieniawski, 1976; Bieniawski, 1989) or Q index (Barton, Lien, & Lunde, 1974) . Malan & Napier (2011) suggested the use of an RMR value of 94 and 95 for UG2 and Merensky reef, respectively at Lonmin's BIC mine. Using the relation, GSI = RMR -5 (Hoek, Kaiser, & Bawden, 1995) , the GSI values for UG2 and Merensky reef are 89 and 90, respectively. Watson (2010) stated that the Barton-Q index values for rock mass at Amandelbult (shallow depth, k-ratio = 1), Impala (intermediate depth, k-ratio = 1.3), and Union (intermediate depth, k-ratio = 0.5) mines are 18.3, 50.0 and 3.2, respectively. Using the relation, GSI = 9lnQ + 44 (Hoek, Kaiser, & Bawden, 1995) , the GSI values for the respective mines were estimated to be 70.2, 79 and 53. Based on the GSI values reported by Malan & Napier (2011) and Watson (2010) from the different mines, an average value of 80 was used for BIC.
The disturbance factor (D) was considered to be 0.3. Hoek, Carranza-Torres, & Corkum (2002) drew up a set of guidelines for estimating the factor D. When D = 0, it means excellent quality controlled blasting, excavation by tunnel boring machine or mechanical/hand excavation in poor quality rock with minimal disturbance to the surrounding rock. The D value of 0.5 represents a situation where squeezing problems result in significant floor heave, while D value of 0.8 is for very poor quality blasting in hard rock tunnel which causes severe local damage. The excavations at platinum mines are assumed to have D value, which falls between 0 and 0.5. A value of 0.3 was adopted for this modelling based on the above discussions and a report from Sellers (2011) suggesting cautious blasting such as presplitting and smooth blasting. Also, Malan & Basson (1998) opined that squeezing would be witnessed at some depths depending on the uniaxial compressive strength of the footwall and hangingwall. Table 5 summarises the values of σ ci , m i , and E i obtained from laboratory testing of rock specimens, while Table 6 presents the rock mass cohesion, friction angle, deformation modulus and tensile strength as determined from the RockLab.
The shear modulus (G) and bulk modulus (K) calculated from the rock mass deformation modulus and Poisson's ratio are presented in Table 7 . Also included in the table is the rock mass dilation angle (ψ) that was calculated by dividing the rock mass friction angle by 4 as suggested by Hoek & Brown (1997) for very good quality rocks. Table 6 . Rock mass cohesion, friction a deformation modulus and tensile strength as determined from RockLab Table 7 . Rock mass shear (G) and bulk (K) modulus and dilation angle (ψ) 
Model set up

Model geometry
The numerical modelling analysis was carried out using the two-dimensional FLAC version 7.00. Typical rectangular stope geometry of 10 m width and 1 m vertical height was selected for the numerical model. Egerton (2004) has reported that the average thickness of UG2 reef is 70 to 75 cm, which is typically mined at stoping width of 1 m to avoid grade dilution. Egerton (2004) made a comparison between different mining methods that can be employed in the extraction of UG2 reef. Of the various methods stated, he reported a range of panel length of 8 to 30 m and concluded that a panel length of 10 m gave the best extraction rate.
For the numerical modelling, a FLAC model was chosen to be 200 m wide and 61 m high. These dimensions are large enough to avoid the boundary effect, which could affect stress distribution in the model. Roller boundary conditions were used on the vertical, top and bottom boundaries of the model.
Modelling sequence
The physical, mechanical and thermal properties were assigned accordingly for the rock types as shown in Figure In-situ stresses were then applied to the model. For the three depths modelled, the major horizontal stress (S xx ), vertical stress (S yy ) and the minor horizontal stress (S zz ) are the major, intermediate and minor principal stresses respectively. The detail of the in-situ stresses is given in Table 4 .
The acceleration due to gravity is set to be 9.81 m/s 2 , while the model was executed in large strain mode. The model was first cycled until the desired temperature was reached, and in the meantime, the mechanical calculation is turned off to allow for only thermal cycling. After that, the mechanical is turned on, and the thermal option is turned off, to enable the mechanical calculation to be effective. The stress gradient option in FLAC was used to reproduce the effect of increasing stress with depth.
The applied in situ stresses were made to vary linearly over the entire model in order to represent the true picture of stress distribution in the rockmass.
RESULTS AND DISCUSSION
Numerical model results
The stability of the stope was analyzed using the plots of the yielded zone, roof and wall convergences and the failure depth.
Yielded zones plots
The plot displays the zones in which the stresses satisfy the Mohr-Coulomb yield criterion that is indicative of areas where a plastic flow is occurring. It should be noted that initial plastic flow often occurs at the beginning of a simulation; however, subsequent stress redistribution unloads the yielding elements so that the stresses do not satisfy the yield criterion. In the state plots, these non-yielding parts are referred to as "yield in past". The parts that satisfy the yield criterion indicate tensile or shear failure (Itasca Consulting Group, 2012) .
The state plots of the model for excavations at 1073, 2835 and 5038 m below the surface are given in Figures 5 -7, while Figure 8 shows the post-excavation temperature plot. The state plot for 1073 m ( Figure 5 ) shows no presence of shear and tensile failures, which implies that the hangingwall and footwall are competent enough to bear the surrounding stresses. 
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Figure 8. Post-excavation temperature at 5038 m below the surface
However, both shear and tensile failures are witnessed at 2835 and 5038 m. Figures 6 and 7 reveal that these failures are greater at 5038 m than 2835 m below surface. This could be attributed to higher in-situ stresses and virgin rock temperatures. As expected, horizontal and vertical displacements are also increasing, as will be shown later with displacement plots.
Besides, one of the reasons for the increase in the tensile failure at this depth could be the rapid cooling of the excavation wall from 140ºC to approximately 40ºC (Fig. 8) . The combined effect of high-temperature variation and mining induced stresses result in the development of micro-cracks, which coalesce to form tensile failure. Castro, Bewick, & Carter (2012) stated that at great depth, common failure types are stress-induced failures in the form of spalling and slabbing, in addition to structurally controlled gravity-driven failures. These failures are attributed to the reduction of radial stresses and increasing tangential stresses.
Horizontal and vertical displacements
The aim of including the horizontal and vertical displacement plots is to examine the deformations that insitu stresses and temperature would cause at ultra-deep levels in the platinum mines. Malan and Basson (1998) noticed a severe case of squeezing at Hartebeestfontein Gold Mine. Squeezing, as defined in Malan and Basson (1998) is the time-dependent large deformation, which occurs around the excavation, and is mostly associated with creep caused by exceeding of limiting shear stress. Malan and Basson (1998) presented a graph, which shows a squeezing line, above which there is no squeezing (Fig. 9) . The average UCS of pyroxenite, chromitite and norite, which are the hangingwall, reef and footwall rock types respectively, are included in the graph. The graph indicates that chromitite (CR), norite (N) and pyroxenite (P) will experience squeezing conditions at depths of about 1400, 2950 and 3100 m, respectively. The horizontal and vertical displacement plots were used to monitor the relative displacement of hangingwall and sidewalls in the model. Vertical displacement (or convergence), ∆V, is determined by considering the relative movement of the hangingwall and footwall, while the horizontal displacement, ∆H, is determined by taking the relative movement of the sidewalls into account (Fig. 10) . Table 8 summarises the horizontal and vertical displacement plots for all depths under consideration. As observed in Table 8 , both the horizontal and vertical displacements increase with increasing depth. In summary, the results show that mining at ultra-deep levels will pose a challenge of an increase in horizontal and vertical displacements.
Prediction of the depth of failure
Equation (9) is the constant deviatoric stress equation proposed by Martin, Kaiser, & McCreath (1999) for the depth of failure prediction in brittle rock mass:
where: σ 1 , σ 3 , σ ci are the major principal stress, minor principal stress and the uniaxial compressive strength of the rock, respectively. Equation (9) was written as a FISH function and included in the model for the evaluation of the extent and depth of failure in the hangingwall and sidewall. The points in the sidewall are labelled as s 1 , s 2 , and s 3 while that of hangingwall were represented as h 1 , h 2 , and h 3 . The failures were examined at intervals of 1, 2 and 3 m from the skin of the stope in both hangingwall and sidewall, as shown in Figure 11 . Figure 12 presents the plot of the failure of the sidewall at 1073 m against time step while Figure 13 shows the comparison of the sidewall and hangingwall failure indicators at different depths. 
Sensitivity analysis
Sensitivity analyses were done to evaluate the influence of temperature variation on failure in the model. This was achieved by assigning the temperature and thermal properties (coefficient of expansion, thermal conductivity and heat capacity) at a depth of 1073 m to that of 5038 m in order to observe the influence of lower temperature at high depth. The temperature and thermal properties for a depth of 5038 m were also assigned to that of 1073 m in order to observe the influence of higher temperature at shallow depth. The modelling geometry and the remaining input parameters were kept constant. The temperature was increased from 50 to 140ºC at 1073 m and reduced from 140 to 50ºC at 5038 m. The depths of 1073 and 5038 m were chosen for comparison since they are at the far ends on the depth scale. Figures 14 -16 show the state plots, while 
Discussion
Underground workings are constructed in stressed rock, and any excavation causes changes in the state of virgin stresses. To determine the stability in competent rocks, the knowledge of stress concentration around the opening is essential. Stresses around openings may reach the limit according to the failure criterion used that would result in further closure. Evaluation of stresses and displacements around such openings will then be a useful basis for engineering design and support (Malan &Basson, 1998; Pérez Hidalgo & Nordlund, 2012) . Nyungu & Stacey (2014) observed that at shallow depth in the BIC, rock failure might be unexpected in underground openings because of the competence of rocks and relatively lower in-situ stress levels in comparison to the UCS of the rocks. Nyungu & Stacey (2014) , however, stated that fractures had been observed in the walls of excavations where the stress levels are well below the UCS. They further asserted that stress-induced failure could occur when the post-excavation stresses are as low as one quarter to one-half of the rock strength.
As can be seen from the state plots (Figs. 5 -7) and the failure indicator plot (Fig. 13) , increase in the in-situ stresses and temperature lead to a higher magnitude of failure except that there is a more tensile failure than shear failure at 5038 m below the surface. At 1073 m below surface, using Equation (5), the criterion proposed by Martin, Kaiser, & McCreath (1999) , only the hangingwall failure indicator value at h 1 , is less than 0.33, which implies that there would be no failure at position h 1 of the hangingwall. However, for the sidewall points at s 1 , s 2 and s 3 , the failure indicators from Equation (5) are greater than 0.33.
At the depth of 2835 m, there is more failure as shown in the state plot (Fig. 6) . As observed in Figure 13 , hangingwall and sidewall failure indicators are higher at the depth of 2835 m than 1037 m. The state plot shows that, in addition to shear failure, tensile failure could also be experienced at 2835 m below the surface. It is possible that the tensile failure is not only the result of increased in-situ stresses but also temperature. Volumetric expansion of the rocks takes place when the rock temperature increases. This expansion is a function of the thermal cracks induced by the heat energy (thermal stress). These thermal cracks were also observed in the microscopic analyses of the heated rocks that are cooled and viewed under the microscope (Oniyide & Yilmaz, 2016) . The generation of thermal cracks is also possible before the immediate walls of excavation are cooled through ventilation. The values of the failure indicators are well above 0.33 for both the hangingwall and the sidewall as shown in Figure 13 except for position h 1 of the hangingwall at 1073 m. Therefore, all excavations across all levels would require more support that is conservative.
The observations from the previous two cases, at the depths of 1073 and 2835 m render the analysis at the depth of 5038 m to be more critical. Although, there is a reduction in the observed shear failure from the state plot (Fig. 7) as compared to that of 2835 m, however, the extent of the horizontal, vertical displacement and tensile failures are higher due to the increase in temperature and in-situ stresses. Kaiser & Kim (2008) affirmed that brittle, tensile rather than shear failure modes play a role at intermediate to high-stress levels and in massive to moderately jointed rock mass. Apart from the contribution of high in-situ stresses to tensile failure at 5038 m, increased temperature also plays an essential role as shown in the sensitivity analyses ( Table 9) .
The horizontal and vertical convergences are 35.8 and 62.9 mm, respectively at 5038 m below the surface. In comparison with the previous depths, stoping at 5038 m below the surface has the highest vertical convergence, which implies that roof sagging and floor heave will be more experienced than the relative deformation of the sidewalls. Based on the magnitude of convergence that will be experienced at ultra-deep mining levels (3500 to 5000 m), it is recommended that access development is located in the more competent strata, such as in mottled anorthosite with an average UCS of 82 MPa. In addition, the use of yielding rock bolts, which allow significant deformation without failure, would be necessary.
Furthermore, longitudinal compression slots can be included in shotcrete to prevent a build-up of a load in the lining that would lead to failure. Malan & Basson (1998) also suggested the use of flexible membrane support such as Everbond. Everbond is a versatile acrylic polymer emulsion that can be used either as a bonding adhesive or as an admixture that enhances Portland cement-based mixes, giving these mixes improved flexural, tensile and bond strength. They explained that a flexible membrane provides broken rocks with increased residual strength, even when subjected to large deformations. Figure 15 shows a reduction in both the extent of shear and tensile failure in comparison with Figure 14 for the depth of 5038 m below the surface. In reality, this reduction is due to decreasing temperature. However, as observed in Table 9 , the reduction of temperature increased the horizontal and vertical convergence from 36 and 63 mm to 43 and 90.4 mm, respectively. In the case of 1073 m below the surface, increasing the temperature from 50 to 140ºC increased the extent of shear and tensile failure and convergence as shown in Figures 15 and 16 , and Table 9 .
CONCLUSIONS
This paper presents the numerical modelling of underground excavation, with particular reference to BIC in the South African Platinum mines. The study reveals that the combination of stress and higher temperatures influence the stability of under-ground openings. Tensile failure was observed to increase with increasing mining depth. The sensitivity analyses show that failure of rocks, especially in the BIC, with increasing depth is a function of both increasing in-situ stresses and higher temperatures.
It is recommended that horseshoe-shaped opening could be preferred in such conditions to avoid high-stress concentration at the corners of the roof of the stopes, which may reduce failures from shallow-depth to ultradepth levels. Also, based on the magnitude of convergence that will be experienced at ultra-deep mining levels (3500 to 5000 m), it is recommended that access development is located in the more competent strata, such as in mottled anorthosite with an average UCS of 82 MPa. In addition, the use of yielding rock bolts, which allow significant deformation without failure, would be necessary. Furthermore, longitudinal compression slots can be included in shotcrete to prevent a build-up of a load in the lining that would lead to failure.
